Mutations in the cystic fibrosis transmembrane conductance regulator (CFTR), an integral membrane protein, cause cystic fibrosis (CF). The most common CF-causing mutant, deletion of Phe508, fails to properly fold. To elucidate the role Phe508 plays in the folding of CFTR, missense mutations at this position were generated. Only one missense mutation had a pronounced effect on the stability and folding of the isolated domain in vitro. In contrast, many substitutions, including those of charged and bulky residues, disrupted folding of full-length CFTR in cells. Structures of two mutant nucleotide-binding domains (NBDs) reveal only local alterations of the surface near position 508. These results suggest that the peptide backbone plays a role in the proper folding of the domain, whereas the side chain plays a role in defining a surface of NBD1 that potentially interacts with other domains during the maturation of intact CFTR.
Mutations in the cystic fibrosis transmembrane conductance regulator (CFTR), an integral membrane protein, cause cystic fibrosis (CF). The most common CF-causing mutant, deletion of Phe508, fails to properly fold. To elucidate the role Phe508 plays in the folding of CFTR, missense mutations at this position were generated. Only one missense mutation had a pronounced effect on the stability and folding of the isolated domain in vitro. In contrast, many substitutions, including those of charged and bulky residues, disrupted folding of full-length CFTR in cells. Structures of two mutant nucleotide-binding domains (NBDs) reveal only local alterations of the surface near position 508. These results suggest that the peptide backbone plays a role in the proper folding of the domain, whereas the side chain plays a role in defining a surface of NBD1 that potentially interacts with other domains during the maturation of intact CFTR.
CFTR is a 1,480-residue polytopic membrane protein belonging to the ATP-binding cassette (ABC) superfamily of proteins, and is composed of two transmembrane domains (TMDs), two NBDs and a regulatory domain (R) 1, 2 . Mutations in CFTR give rise to several diseases, including CF, a disease of abnormal ion secretion across epithelia 1 . More than 1,000 individual mutations have been identified that give rise to a spectrum of differing disease severities and symptoms (http://www.genet. sickkids.on.ca/cftr) 3 . The most common mutation is the deletion of a phenylalanine at position 508 (∆F508) in the N-terminal NBD (NBD1) 4 . The deletion of Phe508 in CFTR gives rise to a temperature-sensitive folding defect evidenced by failure of the full-length protein to mature, retention in the endoplasmic reticulum (ER) and subsequent degradation by the proteasome [5] [6] [7] [8] [9] [10] [11] .
The folding and maturation of ∆F508 CFTR can be rescued by several treatments in cell culture, although the rescued protein has a reduced efficiency of maturation and a reduced half-life at the plasma membrane [12] [13] [14] [15] [16] [17] . The functional activity of the 'corrected' protein is also at least partially rescued by these treatments [12] [13] [14] [15] 18 , suggesting that the most predominant biophysical manifestations of this mutation affect the protein in a transient manner during biosynthesis. The ability of the mutant protein to be rescued also suggests that the ∆F508 defect is subtle in nature and that a therapeutic strategy to correct this misfolding might potentially be developed that could benefit the vast majority of patients with CF 19, 20 .
To further develop our understanding of the role Phe508 plays in the proper folding and maturation of CFTR, a systematic series of missense mutations was introduced at the 508 locus in full-length CFTR and NBD1 proteins. The effects of these mutations on the folding of the NBD, its stability and the maturation of full-length CFTR were evaluated. Finally, to assess the specific structural consequences of these mutations, the crystal structures of two mutant NBD1 proteins, F508S, a previously identified non-CF-causing mutation (http://www. genet.sickkids.on.ca/cftr), and F508R, a maturation-deficient mutation 5 , were determined. Taken together, the results suggest that position 508 contributes directly to the proper folding of NBD1 and also potentially contributes to associations between domains in CFTR, thus affecting multiple steps along the folding pathway. A hierarchical model for the translation, folding and assembly of CFTR is presented based on these data and prior studies of other related ABC-transporter protein systems 21, 22 .
RESULTS

NBD1 folding and stability
Previous studies have indicated that the Phe508 position contributes to the folding pathway of NBD1, but does not markedly alter the nativestate stability of the domain. The ∆G unfolding of the ∆F508 NBD1 was similar to that of the wild-type NBD1 but the folding efficiency of the ∆F508 protein was reduced 23, 24 . However, the mechanism by which the deletion affects the folding efficiency of the domain is not understood and could be explained by at least three possibilities: (i) the loss of the Phe508 peptide backbone is responsible for the folding defect, (ii) the loss of the Phe508 side chain underlies the folding defect, or (iii) both. To ascertain whether the change in folding efficiency was due to the loss of the peptide backbone or the loss of the side chain, mutations were introduced at position 508 and the temperature-dependence of the refolding reaction was measured in kinetic partitioning experiments. In this assay, the protein is refolded under conditions where both onand off-pathway folding reactions compete and the relative efficiency of on-pathway folding is reflected in the fraction of the protein that is soluble. Native-state structure and function were subsequently confirmed by ATP binding. All folded, soluble mutant proteins tested retained nucleotide-binding function.
With the exception of F508W, all measured NBD1 proteins were capable of folding at 4 °C at near-100% efficiency as measured by the production of soluble conformers that were quantified by tryptophan fluorescence intensity or western blotting. In addition, all of the domains exhibited a temperature-dependence of refolding efficiency where overall yield in the soluble fraction decreased as temperature increased. Wild-type protein refolded with near-100% efficiency at 4 °C and was capable of refolding at >90% efficiency at 10 °C. Under the conditions used, as temperature increased >10 °C, the amount of soluble wild-type protein decreased, with ∼75% of the total protein soluble at 16 °C and <50% soluble at 22 °C (Fig. 1a) . The ∆F508 protein also folded with high efficiency at 4 °C, however the temperature-dependence of the refolding reaction was substantially shifted relative to the wild type and the missense mutants. At ≥10 °C, the ∆F508 NBD1 had substantially reduced refolding efficiency, with ∼55% soluble at 10 °C, 25% soluble at 16 °C and <20% soluble at 22 °C relative to the wild-type soluble fraction at 4 °C (Fig. 1a) .
The F508A, F508M, F508P, F508D, F508Q, F508R and F508S mutant proteins were more similar to the wild type than the ∆F508 protein in their temperature-dependence of refolding (Fig. 1b,c) . All of these proteins were capable of refolding at near-100% efficiency at 4 °C and refolded at >75% efficiency at 10 °C. At >10 °C, these mutant proteins refolded with reduced efficiency, which decreased as temperature increased.
A tryptophan was also introduced at position 508 to assess the effects of substitution of a larger hydrophobic residue and to act as a spectral probe to track the folding of the NBD both in the wild-type domain and in a mutant background of W496F. In contrast to all of the other substitutions at the 508 locus, the tryptophan substitution folded poorly at all temperatures, with maximal refolding efficiency being ∼35% of the wild-type protein at 4 °C. However, when the F508W mutation was introduced onto the background of W496F, folding of the NBD1 was partially restored and the protein was capable of refolding with higher efficiency (>90% soluble) at 4 °C (Fig. 1b) .
The kinetic partitioning experiments address the potential impact that mutations exert on the process of protein folding (the transitions from the denatured to the native state and/or to off-pathway states) and their effects on the native state of the protein (changes in native state stability and/or solubility). To determine whether the reduced folding efficiency of ∆F508 was caused by a reduction of stability or alteration of the folding pathway, native state stabilities were directly determined by extrapolation of the guanidinium hydrochloride (GuHCl)-dependence of unfolding to zero denaturant. As previously reported, the NBD1 wild-type and ∆F508 proteins exhibited nearly identical thermodynamic stabilities as measured by denaturation experiments 23 . The ∆G unfolding for the wild-type isolated NBD1 was 3.7 kcal mol -1 and the m-value, a measure of the cooperativity of unfolding, directly related to the change in surface area exposure 25 Although the native-state stabilities and folding efficiencies of the substitution mutants were markedly similar to those of the wild-type protein, it is possible that substantial structural perturbation of NBD1 may occur in order to accommodate the changes in side chain character at the 508 locus. Although these changes may not affect the measured folding efficiencies and stabilities, they may directly impact the ability of the NBD to interact with other domains in CFTR in cis or with other proteins in trans. How does the isolated NBD accommodate such Temperature (ºC)
Wild type ∆F508 
A R T I C L E S
considerable changes in amino acid character at position 508 when this position is critical to the proper biogenesis of the full-length protein, and what are the underlying structural changes associated with these substitutions?
NBD1 structure
To directly assess the structural changes associated with the substitution of residues at position 508, crystal structures of two missense-mutant proteins were determined for the highly similar murine NBD1: F508S, a previously identified non-CF-causing variant, and F508R, a previously described maturationdeficient mutation. The proteins were expressed and purified essentially as described for the wild-type protein and crystallized under conditions similar to the wild-type protein in the presence of Mg 2+ and ATP with sodium acetate as the precipitant 26 . Tetragonal bipyramidal crystals grew for the F508R proteins, whereas the F508S protein spontaneously crystallized as large tetragonal plates. The F508S and F508R crystals diffracted to 2.7 and 3.1 Å, respectively and structures were determined with final R / R free values of 0.207 / 0.262 and 0.254 / 0.266, respectively ( Table 2) .
As might be predicted, based on the biochemical experiments described above, and consistent with the relatively exposed side chain of Phe508 in the previously determined murine wild-type NBD1 crystal structures 26 , the substitution of both serine and arginine had little effect on the overall structure of NBD1 when compared with that of the wild-type protein ( Fig. 2a and Supplementary Fig. 1 online) . The organization of the fold is the same for the wild type and both missense mutant proteins, with three subdomains: a β-subdomain, a mixed α/β-core domain and an α-helical subdomain. All of the major structural elements are conserved and the r.m.s. deviations between the Cα atoms of the wild type and F508S or F508R structures were <0.33 Å (Fig. 2a) 26 .
Although the topology and overall fold of the mutant proteins are nearly identical to those of the wild-type proteins, there are several noteworthy differences in the structures of these proteins. Small, local structural changes surrounding the Phe508 locus are evident in the missense mutant protein structures. The aromatic side chain of Phe508 is largely surface-exposed and accessible in all of the wild-type structures and is in close proximity to Trp496 and Met498, both located in the Q loop or γ-phosphate switch 26, 27 . The substitution of the smaller serine for the phenylalanine induces a rotation of Met498 into a region that is occupied by the Phe508 side chain in the wild-type structure (Fig. 2b) . This rotation is observed in only one of two monomers in the asymmetric unit when the phenylalanine is replaced by the larger arginine side chain in the F508R structure (Fig. 2c) . In both mutants, like the wild type, the side chain of the residue at position 508 is largely surface-exposed and accessible (Fig. 2d) .
ATP is bound in both of the mutant protein structures. As with the wild-type protein, no products of ATP hydrolysis were observed in the electron density maps derived from diffraction data from the mutant crystals ( Supplementary Fig. 1 online) . This is despite the fact that the protein was incubated with ATP and Mg 2+ for several days during the course of crystallization. The conformation of ATP in the wild-type 26 and F508S structures is very similar, with a noncanonical interaction between the NBD and ATP and unusual torsional angles in the ATP molecule ( Supplementary Fig. 1 online) . In the F508R structure, the two monomers that occur in the asymmetric unit contain ATP in different conformations. In one monomer, the ATP is bound in an orientation similar to that observed in the wild-type and F508S structures. The ATP bound to the other monomer, however, adopts a more conventional orientation ( Supplementary Fig. 1 online) . In both monomers, the interactions stabilizing the conformation of ATP are influenced by nearby crystal contacts. Specifically, the adenine base of the ATP in the more canonical conformation interacts with the guanidine moiety of Arg508 in the opposing monomer in the asymmetric unit of the crystals.
Examination of the calculated molecular surface of the wild-type, F508S and F508R proteins is revealing. Phe508 contributes to a largely hydrophobic region of the surface 26 that presumably contributes to the domain-domain interface between the NBDs and TMDs (circled, Fig. 2d) 21, 22 . Although the serine substitution does not markedly affect the calculated electrostatic molecular surface locally or globally, the surface-exposed arginine side chain exhibits substantial changes owing to the surface-exposed, basic guanidine group. In addition, the physical contours of the NBD1 protein surface are also affected by the substitutions of serine and arginine. Quantification of the surface-accessibility of position 508 reveals that the wild-type and F508S side chains are very similar at 8.5 and 9.6 Å 2 respectively. The F508R protein has greater average accessible surface area at position 508, with a value of 16.8 Å 2 .
CFTR folding
The effects of the majority of these mutations on the folding and assembly of CFTR were unknown. To evaluate the ability of the mutant proteins to fold in the context of the full-length CFTR protein, each of the mutations were introduced into a pCMV-CFTR expression vector for expression in HEK 293 cells. All of the mutant proteins expressed in HEK 293 cells as evidenced by the presence of band B, the core glycosylated CFTR conformer, which has not yet reached the Golgi (Fig. 3) . Levels of the fully glycosylated band C protein, which is indicative of the post-ER trafficking of CFTR, were markedly reduced in a substantial number of the substitution mutants even though the isolated domain was capable of refolding with little regard for the specific amino acid substitution at position 508 (Fig. 3) .
The steady-state band C levels of F508C and F508M were reduced, but closest to those of wild type. Band C levels in F508A, F508G, F508L and F508V as well as the polar amino acid substitutions F508S, F508T, F508N and F508Q were evident, but substantially reduced relative to wild-type band C levels. The known polymorphism F508C and the non-CF-causing variant F508S both showed measurable quantities of band C at steady-state levels, as would be expected for non-CF-causing substitutions. The hydrophobic amino acid substitutions F508I, F508W and F508Y did not produce substantial steady-state levels of band C as measured by western blotting, nor did the ionizable amino acid substitutions F508D, F508E, F508K, F508H or F508R. No band C was seen for the F508P substitution. No endogenous CFTR was detected in HEK 293 cells transfected with a pCMV-GFP expression plasmid.
DISCUSSION
The biosynthesis and maturation of multidomain proteins are complex biological processes. Their folding and maturation could occur by several mechanisms: a purely cotranslational, sequential folding process 28 , a purely post-translational, global folding process 29 , or some combination of these two extremes. The cotranslational, sequential model would require individual domains to fold and subsequently assemble to form a functional native state, whereas a global collapse model would require that the protein be held in a folding-competent state until the termination of translation, allowing for all of the protein sequence to be simultaneously exposed and thereby initiating cooperative folding of the protein. The fact that NBD1 can fold as an autonomous unit suggests that cotranslational folding of CFTR is plausible. Data indicate that NBD1 assumes a proteolytically resistant, compact structure early during full-length CFTR biosynthesis in cells 30 , consistent with the cotranslational folding of the NBD. Given that many homologous microbial ABC transporter systems produce the individual functional units (nucleotide binding and hydrolysis and substrate translocation) on separate polypeptide chains with high sequence similarity, it is likely that CFTR is not unique in having individual domains with the necessary information and at least some capacity to achieve a folded, functional state.
The in vitro folding and stability data on the NBD1 of CFTR indicate, as in previous studies, that the deletion of the phenylalanine at position 508 directly impacts the efficiency by which the NBD achieves its native state, while not substantially affecting the stability of the protein that does reach the native state 23, 24 . Notably, missense mutations other than F508W had little effect on either the folding or stability of the isolated NBD, suggesting that the peptide backbone at this locus is critical to NBD1 folding efficiency, whereas the side chain character is largely unimportant. This is also consistent with the Phe508 position having substantial surface exposure as is seen in the murine NBD1 structures presented here and elsewhere 26 , as well as a growing number of structures from homologous proteins in which the Phe508-analogous residues are highly surface-accessible and exposed 21, 31, 32 . Most notably, the crystal structures of F508S and F508R both indicate that substitutions for Phe508 do not substantially impact the structure of NBD1, providing further evidence for the high tolerance for substitution at this position in the isolated domain.
The structures of NBD1 proteins also suggest a potential mechanism for the deleterious effects of the F508W substitution, as the phenylalanine side chain, although partially surface-exposed and accessible, interacts with surrounding residues. The nearest atom distances from both Trp496 and Met498 to Phe508 are ∼4 Å. The additional physical size of the tryptophan side chain thus may not be accommodated by the local protein structure. However, when a second substitution, W496F, was introduced, the folding of the domain was rescued. Given the close proximity of both residues, the W496F substitution probably resolves a steric clash between the substituted tryptophan at position 508 and other local residues, consistent with the refolded protein reaching a native or near-native-state structure in vitro.
Full-length CFTR was considerably more sensitive to substitutions at position 508, failing to traffic when all but small hydrophobic or polar residues were introduced. Potential explanations for the increased sensitivity in full-length CFTR come from genetic and biochemical studies of other ABC transporters [33] [34] [35] [36] and the two ABC transport systems whose TMDs and NBDs have been studied structurally, BtuCD and MsbA. In both of these structures the residue analogous to Phe508 lies at the interface between the NBDs and the TMDs and contributes to the interaction between these domains (Fig. 4a) 21, 22 . Changes in the amino acid character at this position may therefore directly impact the ability of these domains to assemble into the functional transport unit. This model is also consistent with previous functional and biochemical studies on bacterial transporter systems that map the interactions between the α-helical subdomain of the NBDs to regions in the cytoplasmic loops of the TMDs 35, 36 .
Similarly, NBD-TMD interactions have been reported to occur during CFTR biosynthesis. Biochemical experiments 37 indicated that although CFTR TMD1 could integrate into the membrane in the absence of other CFTR domains, TMD1 stability was marginal, allowing for the movement of transmembrane spans into and out of the membrane. The presence of NBD1, however, stabilized the integration of TMD1 in the membrane. Additional recent studies with CFTR and the homologous ABC transporter protein P-gp suggest that the proper folding and docking of NBD1 may induce changes in the transmembrane domains that are required for the proper maturation of these proteins and provide a mechanism by which mutations in cytosolic domains alter protein-chaperone interactions in the lumen of the ER 38, 39 . These findings suggest that NBD1 and the TMDs are capable of interacting and that binding of NBD1 with protein components in TMD1 may induce structural changes that stabilize the integration and conformation of transmembrane spans 37, 38 . Coupled with the biophysical and cell biological studies presented here, the structures of the mutant NBD1s suggest the role Phe508 plays in CFTR folding and how mutations at this position can affect the folding and assembly of CFTR. In a hierarchical model for the biosynthesis of CFTR (Fig. 4b) , the translation and integration of TMD1 is followed by the translation and folding of NBD1, consistent with the evidence for early cotranslational folding 30 and previous models 40, 41 . The folded NBD1 then docks with the integrated TMD and both the NBD and the TMD are stabilized by this interaction. Subsequent steps, not evaluated in this study, would then allow for the translation, folding and assembly of domains C-terminal to NBD1, including the translation, folding and assembly of TMD2 and NBD2, which may also be affected by the misfolding of NBD1 (ref. 30) .
Which steps in the biosynthesis of CFTR are affected by mutations at position 508? This study indicates that at least two steps in the CFTR folding pathway are affected by position 508. The initial defect associated with the ∆F508 mutation is probably the folding of NBD1, as suggested by the reduced folding efficiency of the isolated ∆F508 NBD. Consistent with the in vitro results, the in vivo production of soluble murine ∆F508 NBD is reduced several-fold relative to wild-type levels under identical expression conditions, even though the soluble, folded fractions of both wild-type and mutant proteins show similar behavior with respect to purification and solubility characteristics (data not shown). However, changes in the local surface character of the NBD may also contribute to the efficiency of subsequent steps in CFTR biogenesis, such as tertiary assembly of the individual domains. In this regard, previous studies have demonstrated that ∆F508 CFTR is cotranslationally ubiquitinylated 42 , suggesting that early missteps, before the completion of translation, may be sensed as aberrant and thus targeted for degradation. Such a mechanism is consistent either with recognition of the disruption of NBD1 folding, as seen in the in vitro experiments, or with a disruption of later steps of domain assembly. The relatively low tolerance for substitutions in full-length CFTR indicates that although loss of the peptide backbone is important, the contributions of the side chain to subsequent biogenic assembly steps, such as the assembly of NBD1 with other CFTR domains, are also key to recognition by the quality control machinery.
At present, only symptomatic treatments have been developed for CF. Therapeutic strategies that target the underlying cause of the disease-that is, those directed at correction of ∆F508 CFTR foldingmay need to address the effects of the mutation at multiple points in the life cycle of CFTR. A small molecule ligand that promotes formation of the native state of NBD1 may also need to facilitate interactions between domains in CFTR to fully rescue the ∆F508 folding defect. Moreover, the stabilization of the appropriate domain-domain interface also is likely to be functionally important, as the binding and hydrolysis of ATP in the cytosolic NBDs are coupled to the regulation of activity of the TMDs 21, 22 . The use of ligand-binding energy to promote an unfavorable folding reaction has been achieved, so far, only for mutations that destabilize the native state 43, 44 . Because the ∆F508 mutation exerts its effects during the process of folding, use of this paradigm for the development of CF therapeutics is a more difficult, and as yet unmet, challenge.
The studies presented here provide information regarding the mechanisms multidomain membrane proteins use to achieve a folded, functional state. These data are consistent with a model for the hierarchical folding of CFTR, whereby the formation of individual domains precedes the final assembly of the multidomain protein complex. Careful study of the cotranslational nature of folding and assembly may facilitate a better understanding of the mechanisms by which these complicated proteins fold and are recognized by the cellular quality control machinery, and the steps that need to be corrected for effective therapeutic intervention to alleviate disease when the process goes awry. Step 1, TMD1 is translated and inserted into the membrane. Pale blue indicates the reduced stability of TMD1 in the absence of NBD1.
Step 2, NBD1 is translated and folds into a native or near-native state. The blurred image of the mNBD1 structure indicates the attainment of a native or near-native state, which is most likely stabilized by interactions with additional CFTR domains.
Step 3, NBD1 docks against TMD1. This event probably leads to the stabilization of both NBD1 and TMD1, as shown by the change in blue color in the TMD and the sharpening of the NBD1 structure. This is followed by the translation, folding and assembly of the domains C-terminal to NBD1. Mutations that putatively affect each step are in parentheses. The NBDs are represented by the mNBD1 structure and are oriented relative to the NBD dimer and TMD-NBD complex seen in BtuCD with the assumption that CFTR is monomeric with a functional NBD1-NBD2 heterodimer. 
Note added in proof:
METHODS
In vivo maturation assays. Expression plasmids of full-length, wild-type and ∆F508 CFTR (pCMV-CFTR-Not6.2) as well as pCMV-GFP were a gift from J. Rommens (The Hospital for Sick Children, Toronto) and were mutagenized using the QuikChange site-directed mutagenesis kit (Stratagene). DNA (1 µg) was transfected into HEK 293 cells (American Type Culture Collection) using the Fugene-6 transfection reagent (Roche) following manufacturer's protocols. The cells were harvested 48-72 h after transfection, washed with PBS, and lysed in 0.5 ml RIPA (20 mM Tris-HCl, 150 mM NaCl, 0.1% (w/v) SDS, 0.5% (w/v) deoxycholate, 1.0% (v/v) IGEPAL CA-630, Complete protease inhibitor tablets (Roche), pH 8.0). The cell lysates were cleared by centrifugation and aliquots of the supernatant were subsequently electrophoresed on a 6% (w/v) Tris-glycine gel, and transferred for western blotting with anti-CFTR M3A7 (Upstate). Cells were routinely maintained in DMEM (Invitrogen) supplemented with 10% (v/v) calf serum, 50 µg ml -1 penicillin, and 50 units ml -1 streptomycin using standard culture techniques.
Human NBD1 expression and purification. The NBD1 coding sequences, spanning residues 389-655, were amplified from the pCMV-CFTR constructs described above, cloned into the pET28a expression vector (Novagen), and transformed into BL21 (DE3) bacteria for protein expression and purification as described 24 . The protein was purified using His-Bind resin (Novagen) following the manufacturer's protocols for purification under denaturing conditions using GuHCl. The purified NBD1 protein was precipitated by dialysis (100 mM Tris and 2 mM EDTA, pH 8.0) and stored at -20 °C.
NBD1 refolding. The purified NBD1 proteins were refolded essentially as described 23 . The proteins were refolded by rapid dilution to between 1 and 20 µM final concentration into refolding buffer (R-buffer: 375 mM L-arginine, 200 mM GuHCl, 100 mM Tris, 2 mM EDTA, 1 mM DTT, pH 8.0), vortexed briefly, and then incubated overnight at the desired temperature. Folding was monitored by a blue shift and increase in intensity of tryptophan fluorescence emission from 340-350 nm to 325-330 nm, when excited at 280 nm. The folding yield experiments were completed at 1 µM final protein concentration for all of the NBD1 proteins measured and quantified by tryptophan fluorescence and western blotting.
In vitro stability. The GuHCl-induced denaturation of each of the purified, refolded proteins was completed to assess the relative thermodynamic stabilities of each of the NBD1 proteins. Emission spectra of tryptophan fluorescence were collected and corrected for both pre-and post-transition slopes and the transition region was used to calculate the equilibrium constant (K eq ) for the unfolding reaction across the transition region. Linear regression was carried out to extrapolate the ∆G unfolding at zero denaturant and the m-values 45 .
Murine NBD1 expression, purification and crystallization. Murine cDNA, a gift from S. Muallem (University of Texas Southwestern Medical Center at Dallas), was used as a template to amplify NBD1, residues 389-673, which was subsequently cloned into the pSmt3 expression vector 46 , a gift from C. Lima (Cornell University, New York). The Smt3-NBD1 fusion proteins were expressed in BL21 (DE3) codon-plus cells. Cultures were grown, after inoculation, to an A 600 of 1.5-2.0 at 37 °C, shifted to 15 °C, induced with 750 µM IPTG and allowed to express for 20 h. The cells were harvested and lysed by sonication (50 mM Tris, 150 mM NaCl, 100 mM L-arginine, 5 mM MgCl 2 , 2 mM ATP, 1 mM β-mercaptoethanol, 12.5% (v/v) glycerol, and 0.2% (v/v) IGEPAL CA-630, pH 7.6). Purification of soluble mNBD1 was completed essentially as described using standard nickel-affinity and size-exclusion chromatography techniques 26 . The purified murine NBD1 proteins were crystallized using the hanging-drop method against a well solution of 2.5-4.0 M sodium acetate, pH 7.5 at 5 °C. The crystals were transferred directly from the mother liquor into liquid propane and stored in liquid nitrogen.
Structure determination. X-ray diffraction data from crystals of the mNBD1 mutants were collected at the Structural Biology Center of the Advanced Photon Source of the Argonne National Laboratory. The data were indexed, integrated and scaled using HKL2000 (ref. 47) . Table 2 shows the statistics for the diffraction data. The structure of F508R was determined using the molecular replacement protocols available in CNS version 1.1 (ref. 48 ). The search model was a single monomer from the structure of mNBD1 (PDB entry 1R0X) 26 stripped of water molecules, ions and ATP. The structure of F508S was determined using the mNBD1 structure (PDB entry 1R0W) 26 stripped of water molecules, ions and ATP as the starting model. Subsequent rigid-body refinement provided satisfactory starting models for both structures. The models were refined using the simulated annealing, conjugate gradient minimization, grouped B-factor, and individual B-factor refinement protocols available in CNS version 1.1 (ref. 48) . The model statistics are given in Table 2 . Structural figures were generated using PyMOL (http://www.pymol.org), XtalView 49 and GRASP 50 and rendered in POV-Ray (http://www.povray.org).
Coordinates. The atomic coordinates and structure factors for the F508S and F508R NBD1 structures have been deposited in the Protein Data Bank (accession codes 1XF9 and 1XFA, respectively). Values in parentheses are for the highest-resolution shell.
